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Abstract

AIM
To assess intestinal barrier function during human
intestinal ischemia and reperfusion (IR).

METHODS

In a human experimental model, 6 cm of jejunum
was selectively exposed to 30 min of ischemia (I) fo-
llowed by 30 and 120 min of reperfusion (R). A sham
procedure was also performed. Blood and tissue was
sampled at all-time points. Functional barrier function
was assessed using dual-sugar absorption tests with
lactulose (L) and rhamnose (R). Plasma concentrations
of citrulline, an amino acid described as marker for
enterocyte function were measured as marker of
metabolic enterocytes restoration. Damage to the
epithelial lining was assessed by immunohistochemistry
for tight junctions (TJs), by plasma marker for
enterocytes damage (I-FABP) and analyzed by electron
microscopy (EM) using lanthanum nitrate as an elec-
trondense marker.

RESULTS

Plasma L/R ratio’s were significantly increased after
30 min of ischemia (30I) followed by 30 min of
reperfusion (30R) compared to control (0.75 £ 0.10
vs 0.20 £+ 0.09, P < 0.05). At 120 min of reperfusion
(120R), ratio’s normalized (0.17 + 0.06) and were not
significantly different from control. Plasma levels of
I-FABP correlated with plasma L/R ratios measured at
the same time points (correlation: 0.467, P < 0.01). TJs
staining shows distortion of staining at 30I. An intact
lining of TJs was again observed at 30I120R. Electron
microscopy analysis revealed disrupted TJls after
30I with paracellular leakage of lanthanum nitrate,
which restored after 301120R. Furthermore, citrulline
concentrations closely paralleled the histological
perturbations during intestinal IR.

CONCLUSION

This study directly correlates histological data with
intestinal permeability tests, revealing that the human
gut has the ability of to withstand short episodes of
ischemia, with morphological and functional recovery of
the intestinal barrier within 120 min of reperfusion.

Key words: Intestinal ischemia-reperfusion; Intestinal
barrier function; Intestinal permeability; Human; Dual-
sugar absorption test; Tight Junctions; Citrulline

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Using an unique experiment human in-
testinal ischemia and reperfusion (IR) model, this is
the first study to directly correlate histological data
with intestinal permeability tests. The results reveal
the ability of the intestine to withstand short episodes
of ischemia, with morphological and functional recovery
of the intestinal barrier within 120 min of reperfusion.

Baishidenge ~ WJG | www.wjgnet.com

These results explain why there are often no signs
of inflammation or bacterial translocation after short
periods of intestinal ischemia. Exploration of the
mechanisms responsible for this rapid recovery might
impact understanding and treatment of intestinal
diseases. Data from the dual-sugar absorption tests
and citrulline reflect the histological perturbations
during intestinal IR, highlighting the potential diagnostic
value of these tests in patients with intestinal diseases
associated with intestinal barrier loss.

Schellekens DH, Hundscheid IH, Leenarts CA, Grootjans J,
Lenaerts K, Buurman WA, Dejong CH, Derikx JP. Human
small intestine is capable of restoring barrier function after
short ischemic periods. World J Gastroenterol 2017; 23(48):
8452-8464 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v23/i48/8452.htm DOI: http://dx.doi.
org/10.3748/wjg.v23.i48.8452

INTRODUCTION

The intestinal epithelial lining is one of the largest
sites of the human body exposed to the external
environment and holds a dual function: the absorption
of nutrients and water from the lumen and at the
same time providing an effective barrier against
potentially harmful compounds such as bacteria, toxins
and antigenst?,

This is achieved by various lines of defense, including
a physical barrier, formed by a mucus layer and a single
rigid layer of enterocytes which are interconnected
by tight junctions (TJs) and the subjacent adherens
junctions (AJs)Pl. The TJs act as a fence, regulating
the passive diffusion of solutes across the paracellular
pathway!™. They are composed of transmembrane
proteins such as occludin and members of the claudin
family, which are anchored to the cell cytoskeleton by
zonula occludens proteins (ZO-1, ZO-2 and Z0-3)®,
AJs are important for connecting neighbouring cells and
consist, amongst others, of the transmembrane protein
E-cadherin. Formation of Als is required prior to the
assembly of the TIs™!.

Loss of intestinal barrier function is considered
to play a key role in the development and/or pro-
gression of intestinal inflammation and the onset of
systemic inflammatory response syndrome, and is
associated with intestinal diseases including celiac
disease, inflammatory bowel disease (IBD) and
intestinal ischemia-reperfusion (IR)!"'%. Intestinal IR
is a frequently occurring phenomenon associated with
high morbidity and mortality. It is caused by various
pathological conditions that involve a critical reduction
of blood flow to the intestine, such as acute obstruction
of mesenteric arterial blood flow and hypoperfusion
associated with major vascular or abdominal surgical
procedures, hemorrhagic shock, major trauma and
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sepsist!' ™,

Previous research of our group revealed the striking
ability of the human small intestine to reduce and
restore IR-induced epithelial lining damage. Using an
experimental human intestinal IR model"®, it was
observed that after periods of ischemia of up to 30 min,
villous sloughing with epithelial lining disruption was
rapidly followed by complete histological recovery during
reperfusion’”*®), The important remaining question
however is whether functional barrier restoration with
closure of paracellular permeability is achieved within
this time span. This is in particular important as few
human experimental studies exist that directly correlate
barrier function to histological appearance. Here, we
set out to study the relation between histological and
functional barrier recovery using a human experimental
small intestinal IR model. Damage to the epithelial
lining was assessed by immunohistochemistry, plasma
measurement of Intestinal Fattty Acid Binding Protein
(I-FABP) and electron microscopy (EM). Functional
intestinal barrier loss was evaluated using lanthanum
nitrate as an electrondense marker together with the
currently used gold standard for the measurement
of intestinal permeability in clinical practice, the
dual-sugar absorption tests (DST)!". These tests
rely on the differential intestinal paracellular and
cellular permeability of larger (lactulose) and smaller
(L-rhamnose) molecules. Simultaneous measurement
of lactulose and L-rhamnose are used as controls for
gastric emptying, intestinal fluid volume, gastrointestinal
transit time, and renal excretion which are thought
to affect each molecule equally. The ratio of plasma
concentrations reflects small intestinal permeability.
Furthermore, plasma concentrations of citrulline, an
amino acid produced by enterocytes that has been
described as a marker for enterocyte mass/function®”,
were measured as a marker of functional, metabolic
enterocyte restoration following 30 minutes of ischemia.

MATERIALS AND METHODS

Ethics

The study was approved by the Medical Ethics
Committee of the Maastricht University Medical Center
(METC 06-3-044) and was conducted according to the
revised version of the Declaration of Helsinki (October
2008, Seoul). Written informed consent of all patients
was obtained.

Patients and surgical procedures

Patients: 23 patients undergoing pancreatico-
duodenectomy for benign or malignant disease were
included in this study. DST data were obtained from
13 patients (10F:3M) with a median age of 69 (range
48 to 85) years included in the experimental human
intestinal IR model of these 3 patients underwent
a sham procedure; their intestinal barrier function
was assessed using DST as described below without
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being exposed to ischemia. DST data were compared
to histology from 10 other patients (3F:7M), with a
median age of 63 (range 47 to 78) years undergoing
the same human intestinal IR model without applying
the DST.

Human intestinal IR protocol: The experimental
protocol was performed as previously described™®. In
short, during pancreatico-duodenectomy, a variable
length of jejunum is routinely resected as part of the
surgical procedure. The terminal 6 cm of this jejunal
segment was isolated and subjected to 30 min of
ischemia by placing two atraumatic vascular clamps
across the mesentery (n = 20 of which 10 patients were
included in the DST-protocol (see below)). Meanwhile
surgery proceeded as planned. After ischemia, one third
(2 cm) of the isolated ischemic jejunum was resected
using a linear cutting stapler (30I) (GIA™, Covidien,
Mansfield, MA). Next, clamps were removed to allow
reperfusion, as confirmed by regaining of normal pink
color and restoration of gut motility. Another segment
of the isolated jejunum (2 cm) was resected similarly
after 30 min of reperfusion (30I30R) and 120 min of
reperfusion (30I120R). Simultaneously, 2 cm of je-
junum which remained untreated during surgery was
resected and served as internal control tissue. Tissue
samples were immediately snap frozen or formalin fixed
for future analysis.

DST protocol: To study the consequences of IR on
intestinal barrier function loss and recovery, a bolus of
10 mL 0.9% NaCl containing the saccharides lactulose
(1 mg/mL Lactulose, Centrafarm B.V. Etten-Leur, The
Netherlands) and L-Rhamnose (0.5 mg/mL, Danisco
Sweeteners, Copenhagen, Denmark) was directly
injected into the lumen of the isolated part of intestine
of 10 patients before the induction of ischemia. The
piece of jejunum with the injection site was stapled
off, to prevent any possible leakage of intraluminal
content towards the abdominal cavity. After the first
blood sample was obtained (5 min after injecting the
saccharides), the human IR protocol was initiated
(see detailed protocol above). The only difference
with the regular IR protocol was that no tissue was
resected during IR to eliminate potential confounding
effects of absorptive surface reduction and decrease
in luminal presence of the saccharide solution on the
outcome parameters. Three patients underwent a
sham procedure during which the saccharide solution
was injected in the isolated jejunum segment, without
this being exposed to IR. Blood from all patients was
drawn, centrifuged, aliquoted and stored according
to the regular intestinal IR protocol (as mentioned
below) until further analysis for plasma saccharide
concentrations. In addition, luminal debris from the
isolated segment was sampled at the end of the
IR protocol to measure the remaining saccharide
concentration and compare this to the concentration at
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the beginning of the experiment.

Blood sampling: Arterial blood was sampled before
ischemia, immediately on reperfusion (30I), and
at 30 (30I30R) and 120 min (30I120R) after start
of reperfusion. Simultaneous with each respective
arterial blood sample, blood was drawn from the
venule draining the isolated jejunal segment by direct
puncture to assess concentration gradients across
the isolated jejunal segment. All blood samples were
centrifuged at 3500 rpm, 4 °C for 15 min to obtain
plasma. Plasma was immediately stored in aliquots at
-80 C until analysis.

Measurement of intestinal barrier function loss

Arterial and venous plasma concentrations of la-
ctulose and L-rhamnose were measured using High
Performance Liquid Chromatography combined with
Mass Spectrometry (HPLC-MS). In brief, sugars were
separated using ion-exchange chromatography as
described previously™!, After separation, the column
effluent was mixed with an ammonia containing
solvent, which enabled the electrospray ionisation to
ammonia adducts. Detection, based on the mass to
charge value (m/z value) of the ammonia adducts was
then performed using mass spectrometry in positive
mode. Arterial-venous concentrations differences and
lactulose/L-rhamnose ratios (L/R-ratio) were calculated
to investigate intestinal barrier function during IR.

Morphological assessment

Histology: Tissue specimens obtained during the
experimental protocol were immediately immersed in
4% formaldehyde fixative (Unifix, Klinipath, Duiven,
the Netherlands) and incubated overnight at room
temperature. Next, tissue samples were embedded
in paraffin and 4 um sections were cut. Sections
were deparaffinized in xylene and rehydrated in
graded ethanol to distilled water and stained with
haematoxylin and eosin (H&E).

Immunofluorescence: Cryostat sections (4 um)
were cut and stained for ZO-1, occludin and E-cadherin.
Briefly, slides were dried, fixed in 10% trichloroacetic
acid for 15 min and permeabilized using 30 mmol/L
glycine and 1% triton X-100 in phosphate buffered
saline (PBS). Non-specific antibody binding was
blocked using 30 mmol/L glycine and 3% Fetal Calf
Serum in PBS for one hour. Next, slides were incubated
with mouse anti-human ZO-1, rabbit anti human
occludin (both Invitrogen, Eugene, OR, United States)
or mouse anti human E-cadherin (Abcam, Cambridge,
United Kingdom). After washing, slides were incubated
with goat anti-mouse Alexa 488, goat anti-rabbit CY3,
or goat anti-mouse CY3 (all Invitrogen) secondary
antibodies, followed by incubation with 4',6-diamino-2-
phenylindole dihydrochloride (DAPI). Next, slides were
washed and mounted in VECTASHIELD® Mounting
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Media (Vector Laboratories, Burlingame, CA, United
States) and visualized with an immunofluorescence
microscope.

Electron microscopy: For electron microscopy (EM),
jejunal tissue was directly immersed in 2.5% glu-
taraldehyde and 2% paraformaldehyde fixative buffered
in 0.1M cacodylate buffer at a pH of 7.4 for at least 3
d. Samples were then washed overnight in 0.1 mol/L
cacodylate buffer with 7.5% sucrose and postfixed
for 1 h at 4°C in 1% osmium tetroxide, containing
1% lanthanum nitrate buffered to pH 7.4 with 0.1
mol/L cacodylate. After washing in cacodylate buffer
containing 7% sucrose at pH 7.4, dehydration was
carried out rapidly in graded ethanol series followed by
routine embedding in Epon. Ultrathin sections were cut,
stained with uranyl acetate and lead citrate. A Philips
CM 100 electron microscope was used to visualize the
ultrastructure of the intestinal epithelial lining and the
distribution of lanthanum nitrate particles. The presence
of lanthanum nitrate inside the paracellular space of
two adjacent enterocytes is associated with TJ and AJ
function loss.

Measurement of intestinal mucosal cell damage:
Damage to the epithelial lining was quantified using
plasma levels of Intestinal fatty acid-binding protein
(I-FABP). I-FABPs are small (14 kDa) cytosolic
proteins specifically present in mature enterocytes
at the tip of the villus®®?. They are released upon
enterocyte membrane integrity loss into the circulation,
which makes them useful as markes for enterocyte
damage'®!, I-FABP-levels were measured in both arterial
and venous plasma samples, to allow for calculation
of arteriovenous (V-A) concentration differences, by
means of an in-house enzyme-linked immunosorbent
assay (ELISA). This assay was developed to measure
I-FABP in human plasma samples with rabbit polyclonal
antibodies, using purified human I-FABP as standard
(detection window: 12.5 to 800 pg/mL). Samples were
run in duplicate, and a variability of 5% between sample
duplicates was accepted.

Assessment of circulating amino acids
To study the metabolic activity of enterocytes following
30 min of ischemia and subsequent reperfusion,
arterial and venous plasma concentrations of citrulline
and glutamine were measured using HPLC (Model
PU-1980 pump, Jasco Easton, MD, United States)
combined with MS (Model LTQ XL, Thermo Fisher
Scientific, Waltham, MA, United States) as previously
described™. A 100 pL plasma aliquot was pipetted
into a 1.5 mL Eppendorf tube that already contained
5.5 mg solid sulfosalicylic acid (SSA), vortex-mixed
immediately to deproteinize the plasma samples, snap
frozen in liquid nitrogen and stored at -80 ‘C until
analysis.

Before analysis, deproteinized plasma samples
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were thawed, vortex-mixed and centrifuged for 10 min
at 50000 x g at 4°C in a Biofuge Stratos centrifuge
(Heraeus, Haarlem, the Netherlands). Next, 5 uL of
the clear supernatant was diluted 100-fold in ice-cold
water into a 1 mL WISP-style vial (Waters, Etten-Leur,
the Netherlands). Amino acid analysis was performed
by HPLC after automated pre-column derivatization
using ophthaldialdehyde (OPA). At the start of each
cycle, 5 uL of the diluted sample, stored in the pre-
chilled sample compartment of a WISP autosampler,
was automatically mixed with 5 uL of OPA reagent.
The resulting OPA-amino acid derivatives were se-
parated on a 150 mm x 4.6 mm (inner diameter)
Allsphere ODS 2 3 umol/L High-Performance Liquid
Chromatography (HPLC) column (Grace, Breda, the
Netherlands), using an acetonitrile gradient against an
aqueous citric acid buffer (25 mmol/L, pH = 6.8) and
detected by fluorescence (330 nm excitation, 440 nm
emission). Arterial-venous concentration differences
of citrulline divided by the arterial concentration of
glutamine (Cit V-A/GIn A) reflect enterocyte functional
and metabolic capacity.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 5.0 for Windows (GraphPad Software Inc. San
Diego, CA, United States) and SPSS 23.0 (SPSS, Inc.,
Chicago, IL, United States). Normality was verified
by using the Kolmogorov-Smirnov test. None of the
parameters showed a normal distribution. A Dunn
multiple comparison test was used (after significant
one-way analysis of variance) to compare DST values
and amino acid ratios over time. For between-group
comparisons, the Mann Whitney U test was used. All
data are expressed as mean + SE.

Linear mixed model regression was used to analyze
correlations over time between plasma I-FABP and
plasma L/R ratio. Within-person correlations were
computed by normalizing both data sets. This enables
the assessment of the pure association of both variables
by calculating the correlation coefficient. Linear
regression was used to visualize the correlation. A P-value
below 0.05 was considered statistically significant.

RESULTS

Thirty minutes of ischemia only moderately affects
intestinal barrier function

As described previously, the epithelial lining was
microscopically intact directly after 30 min ischemia
(301) (Figure 1A, right panel)"*®. Immunofluorescence
staining of ZO-1, occludin and E-cadherin revealed
structured ZO-1 and occludin staining at the apical pole
of the epithelial cells and evenly distributed E-cadherin
between the epithelial cells over the tips of the villi
in both control tissue and jejunum after an ischemic
period of 30 min (Figure 1A). To assess whether
the ischemia-induced enterocyte damage resulted
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in increased intestinal permeability, the plasma La-
ctulose/L-rhamnose (L/R) ratio was determined. No
statistically significant changes were observed in the
plasma L/R ratio directly after 301 compared to control
(0.16 £ 0.05 vs 0.20 £ 0.09, P = 0.80; Figure 1C)
or sham-operated patients (0.10 £ 0.07 vs 0.20 =
0.09, P = 0.72; supplementary Figure 1). These data
suggest that a short period of ischemia alone does not
result in increased intestinal permeabi lity. EM images
of two adjacent enterocytes with microvilli showed that
in control tissue the interconnecting TJs were intact
(Figure 1B left panel, arrowhead) and the contrast dye
lanthanum remains intraluminally. However, in contrast
to the histological analysis, as shown by EM after 301,
lanthanum was able to penetrate the paracellular
space, indicating intestinal barrier integrity loss (Figure
1B, right panel, arrowheads).

Enterocyte damage was quantified by measuring
arteriovenous I-FABP concentration differences across
the studied jejunum. I-FABP arteriovenous concentration
differences significantly increased from 1.75 ng/mL +
0.78 ng/mL before ischemia to 126.6 ng/mL * 65.53
ng/mL on reperfusion (P < 0.01; Figure 1D).

The arterial-venous concentration differences
of citrulline divided by the arterial concentration of
glutamine (Cit V-A/GIn-A) ratio in 10 patients at
control was 0.04 + 0.009. During the ischemic period,
a significant decline in the Cit V-A/GIn-A ratio was
observed (0.02 £+ 0.004, P < 0.02 compared to control,
Figure 2).

This decreased plasma Cit-V-A/GIn-A ratio was the
result of a decline in venous citrulline concentrations
after ischemia (see Supplementary Table 1).

Initial reperfusion results in significant tight junction
damage and functional intestinal barrier loss

After 30 min of ischemia followed by 30 min of
reperfusion (30I30R), shedding of IR-damaged
enterocytes from the villus tips towards the intestinal
lumen was observed (Figure 3A, right panel, arrow-
head). Short reperfusion led to compromised TJ
integrity as immunofluorescence for ZO-1 and occludin
showed an irregular staining pattern and loss of protein
expression in the epithelial sheets that had lost contact
with the basal membrane at the tips of the villi (Figure
3A, right panels, arrowheads). This was accompanied
by disruption of E-cadherin with diffuse staining in
the cell cytoplasm across the villi (Figure 3A, right
panel, arrowheads). The plasma L/R ratio significantly
increased after 30I30R compared to control (0.75 + 0.10
vs 0.20 £ 0.09, P < 0.01; Figure 3C). Analysis also
showed an increase of the plasma L/R ratio after 30I30R
compared to sham (0.75 = 0.10 vs 0.04 £ 0.01, P <
0.02; supplementary Figure 1). EM analysis revealed
that lanthanum was still able to penetrate between two
adjacent enterocytes demonstrating disruption of TJs
and AJs after 30I30R (Figure 3B). These results show
that the intestinal barrier function gets compromised
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Figure 1 Changes in intestinal barrier function after 30 min of ischemia. A: HE staining showed an intact epithelial lining in control tissue. After 30 min of
ischemia (301) subepithelial spaces were visualized at the tips of the villi. Strong and evenly distributed immunofluorescent stainings for ZO-1, occludin and E-Cadherin
were observed, over the tips of the villi, in both control tissue and jejunum subjected to 30I; B: Electron microscopic images of two enterocytes with interconnecting
tight junctions demonstrate in control tissue that tight junctions are intact (arrow) and the contrast dye lanthanum remains intraluminally. On the contrary, after 30,
lanthanum is able to penetrate the paracellular space, indicating tight junction integrity loss (arrow); C: Plasma L/R ratio’s however, remained unchanged after
ischemia when compared with control; D: Mean plasma |-FABP V-A concentration differences show a significant release after ischemia when compared with control
(126.6 ng/mL + 65.53 ng/mL vs 1.75 ng/mL % 0.78 ng/mL, P < 0.01), reflecting enterocyte damage. Electron microscopy scale bars = 0.5 um and 1 um respectively.

during the early stages of reperfusion after a short
ischemic hit.

I-FABP V-A concentrations declined after 30I30R
but were still significantly increased compared to
control (27.06 + 2.73 ng/mL vs 1.75 £+ 0.78 ng/mL,
P = 0.01; Figure 3D), still indicating loss of enterocyte
membrane integrity during the early reperfusion
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phase.

The Cit V-A/GIn A ratio however, was increased
after a short period of 30 minutes of reperfusion when
compared with 30 min of ischemia (0.05 + 0.09 vs
0.02 £ 0.004, P < 0.001, (Figure 2) and was no longer
significantly different compared with control. This may
indicate that the remaining enterocytes are already
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Figure 2 Mean Cit V-A/GIn A ratios in patients submitted to 30 min
of ischemia followed by 30 and 120 min of reperfusion. Ratios were
significantly decreased after 301 compared to control. During reperfusion ratio’
s return back to baseline values, which were no longer different compared
to control. Results are presented as mean * SE. A P-value of < 0.05 was
considered significant.

viable despite the compromised intestinal barrier.

Intestinal barrier restores within 120 min of reperfusion
After 30I120R, shedding of IR-damaged cells led
to shortening of the villi, with an intact epithelial
lining (Figure 4A, right panel). Immunofluorescence
showed that both ZO-1 and occludin again formed a
continuous staining pattern around the epithelial lining
near the apical region of the enterocytes. In addition,
E-cadherin staining appeared normal and was visible
along the entire epithelium of each villus, rebuilding
epithelial cell-cell integrity (Figure 4A, right panel). In
line, the L/R ratio normalized at 30I120R to 0.17 +
0.06 and was not significantly different from control
or sham (Figure 4C). In EM images, lanthanum was
no longer present in paracellular spaces after 301120R
(Figure 4B, right panel) indicating restored tight
junction integrity.

I-FABP levels rapidly decreased over the course
of a period of 120 min reperfusion to 14.77 ng/mL +
5.46 ng/mL and were no longer significantly elevated
compared to control, demonstrating rapid and full
recovery of epithelial membrane integrity (Figure 4D).

Remarkably, at 120 min of reperfusion the Cit V-A/
GIn A ratio no longer differed from the value measured
at control (Figure 2). The results demonstrate that,
despite IR-induced reduction of enterocyte mass, the
remaining epithelial cells are functional again after
a short period of ischemia followed by 120 min of re-
perfusion

To rule out the possibility that the low con-
centrations of saccharides measured at later time
points were due to significantly decreased intraluminal
saccharides as a consequence of uptake/leakage
during early ischemia and reperfusion, we measured
intraluminal concentrations of saccharides at 30I120R.
Although the concentrations measured at 120R were
approximately 3 times lower than the administered

JBaishideng® W]G I WWW.ngnet.COm

stock (29.16 + 0.31 vs 11.47 + 1.01 P < 0.002) and
L-rhamnose (30.62 + 1.80 vs 8.22 + 1.30 P < 0.002,
Supplementary Figure 2), the luminal concentrations of
both sugars were still 100x higher than the observed
plasma lactulose and L-rhamnose concentrations at
301120R.

Intestinal barrier function in relation to intestinal
damage

The IR-induced damage to the epithelial lining was
measured using plasma I-FABP. This sensitive plasma
parameter of enterocyte damage is rapidly released
upon intestinal ischemia. This allows us to relate the
structural damage to the mucosa with the permeability
changes during intestinal IR. To this end within-person
correlations were studied between arteriovenous con-
centration differences of plasma I-FABP and L/R ratios.
Plasma levels of I-FABP correlated with plasma L/R ratio’
s measured at the same time points [correlation: 0.467,
(P < 0.01)], indicating a relationship between structural
damage to the intestinal mucosa and the observed
changes in permeability (Figure 5).

DISCUSSION

The current study demonstrated that the human
intestinal epithelial barrier has the remarkable capacity
to rapidly and functionally restore IR-induced tissue
damage within 120 min of reperfusion. Second, we
show in this study that the currently used golden
standard to measure intestinal epithelial permeability
i.e. the dual sugar test, reflects intestinal barrier
function as objectified by electron microscopy in
our model of acute intestinal damage and repair.
These results are important for our understanding of
the pathophysiology of human intestinal ischemia-
reperfusion in general, and have implications for clinical
practice. There is increasing evidence that the loss of
intestinal barrier function after a period of ischemia
or hypoperfusion is associated with the development
of sepsis and multiple organ dysfunction in the acute
setting, including trauma, hemorrhagic shock, following
major (vascular) surgery or acute pancreatitis!**,
Furthermore, exposure of the intestinal epithelium to
periods of ischemia followed by reperfusion results in
sloughing of enterocytes at the tips of villi causing a
breach in the gut barrier™****”), Disruption of epithelial
integrity is associated with intestinal inflammation,
bacterial translocation, the development of sepsis
and multiple organ dysfunction!*?*2%!, In addition,
loss of intestinal barrier function plays a role in the
pathophysiology of various intestinal diseases including
IBD and celiac disease®*.. Epithelial hypoxia can occur
secondary to the inflammation, and might play a role
in the pathophysiology™!! and etiology" of IBD.

The intestinal barrier function is dependent on an
intact epithelial lining which is formed by epithelial
cells, interconnected by cell to cell adhesion proteins
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Figure 3 Thirty min of reperfusion results in tight junction damage and functional intestinal barrier loss. A: After 30 min of reperfusion (30130R) damaged
epithelial cells were pinched off and shed into the lumen (arrow). Immunofluorescence for ZO-1 and occludin revealed irregular distribution patterns (arrowheads)
and loss of expression in the epithelial sheets at the tips of the villi, together with the disruption of E-Cadherin showing only diffuse staining in the cell cytoplasm;
B: Lanthanum was still able to penetrate between two adjacent enterocytes (arrowhead) demonstrating disruption of TJs and AJs at 30I130R; C: Plasma L/R ratio
was significantly elevated at 30130R compared to control (0.75 + 0.10 vs 0.20 £ 0.09, P < 0.01), indicating increased intestinal permeability after short reperfusion;
D: Plasma |-FABP gradually reduce following 30130R but was still significantly elevated compared to control (27.06 + 2.73 ng/mL vs 1.75 £ 0.78 ng/mL, P = 0.01),
indicating entrocyte membrane integrity loss. Electron microscopy scale bars = 0.5 um and 2 um respectively.

at different levels of the intercellular junction[3]. cytoskeleton by intracellular proteins, such as Z0O-1.
TJ complexes consist of transmembrane proteins, The TJ barrier controls the paracellular pathway via
including occludin and claudins linked to the cell at least two routes allowing selective transport across
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Figure 4 The intestinal barrier is restored after 30 min of ischema followed by 120 min of reperfusion. A: At 120 min of reperfusion (301120R) the epithelial
lining appeared histologically intact compared to control tissue with ZO-1, occludin and E-Cadherin normally distributed across the villi.); B: In addition, electron
microscopy revealed that lanthanum was no longer present in the paracellular spaces, indicating restored tight junction integrity; C: Moreover, the observed restoration
of the intestinal barrier seems to correlate with permeability with the plasma L/R ratio normalized to 0.17 + 0.06 which was no longer significantly different from control; D:
Plasma I-FABP levels, reflecting intestinal epithelial damage, also returned to 14.77 ng/mL + 5.46 ng/mL and were no longer significantly elevated compared to

control. Electron microscopy scale bars = 0.5 um and 2 um respectively.

the intestinal barrier. The pore pathway is a size- and
charge-selective route for ions which is regulated
by claudins. The leak pathway allows paracellular
transport of large molecules, including proteins and
bacterial lipopolysaccharides. Studies have shown
that occludin and ZO-1 are mainly involved in the
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regulation of the leak pathway. Mainly defects in the
leak pathway lead to increased epithelial permeability
allowing leakage of bacterial products and antigens
from the lumen into the systemic circulation™?®.

At 30 min of ischemia, ZO-1 and occludin appeared
as continuous bands along the villous tips, similar as
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Figure 5 Translated values of plasma levels of I-FABP and translated
values of L/R ratio’s in patients submitted to 30 min of ischemia followed
by 30 and 120 min of reperfusion. I-FABP correlated significantly with LIR
ratio’s [correlation: 0.467, (P < 0.01)]. Translations of both variables are specific
for an individual in such a way that all within-person means correspond to the
zeros in the plot. In this way the variation of individual levels are cancelled and
the pure association of both variables remains.

the immunofluorescent staining of control tissue. In
line, the DST showed that the intestinal barrier was
functionally still intact. Similar to the human setting
animal studies have shown that the appearances of sub
epithelial spaces during ischemia are not accompanied
by increased permeability for lactulose™.

In contrast, shortly after reperfusion desquamation of
the intestinal epithelium at the tips of the villi occurred.
Although the gut possesses elegant pathways that
maintain the intestinal barrier during cell shedding®**?,
excessive rates of apoptosis make these pathways to
fall short resulting in intestinal barrier loss**®. Indeed,
TJ derangements were observed and accompanied by
increased L/R ratios.

These human data are in line with previous data
from animal models demonstrating that the magnitude
of ischemia and reperfusion-induced intestinal mucosal
damage is a result of the duration of occlusion time.
This was evaluated in standardized animal models of
complete segmental arterial ischemia demonstrating
that 30 min of ischemia followed by 30 min of
reperfusion results in massive epithelial lifting with
a few denuded villi®”). Moreover, the mechanism of
intestinal barrier repair during intestinal IR is also
previously described™®, This is a highly regulated
event involving villus contraction, epithelial restitution
and closure of the paracellular space. The latter is
considered to account for the majority of barrier
recovery after intestinal injury. The net result of the
above mentioned repair mechanisms is a remarkably
rapid closure of mucosal wounds in the mammalian
intestinal epithelial lining to prevent the onset of
sepsis. The observed time scale of intestinal barrier
restoration within hours after ischemia, is also in
agreement with previous studies®,

To study if the intestinal barrier is indeed functionally
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repaired, it is necessary to be able to actively and
reliably measure intestinal barrier function. However,
this has been a major challenge in clinical practice.
Classically, DST are used based on the differential
absorption of intraluminal sugars of different molecular
weight across the intestinal barrier. Using these tests
it has been shown that intestinal barrier function is
involved in intestinal diseases including patients with
IBD and celiac disease™*’\, However, a pitfall of the DST
is the lack of knowledge on how these tests correlate
to epithelial cell damage and tight junction loss in vivo.
In intestinal IR, loss of intestinal barrier function is seen
as key explanation of intestinal dysfunction in patients
leading to increased incidence of bacteria and toxin
translocation from the intestinal lumen to the systemic
circulation, causing infectious complications including
sepsis and the multiple organ failure syndrome®™. Using
our in vivo human model, we were able to demonstrate
the direct relationship between morphological barrier
loss (epithelial cells and TJ proteins) and functional
intestinal barrier loss (dual-sugar absorption test and
leakage of lanthanum nitrate through defective tight
junction complexes as visualized by EM).

I-FABP concentrations and release-patterns were
comparable with previous published data from our
group'”!. This shows that 30 min of ischemia is
associated with rapid reversal of IR-induced structural
tissue damage of the epithelial lining. Interestingly, the
extent of intestinal damage, reflected by an increase
in plasma I-FABP, significantly correlated with the
permeability changes in the small intestine. This is
in line with previous studies performed in humans
undergoing splanchnic hypoperfusion because of
moderate-to-high intensity exercise demonstrating that
intestinal cell damage result in permeability changes
including restoration of the epithelial lining™’.

Our results showed that the DST data closely reflect
the morphological findings during intestinal IR. This is of
importance as it supports the usefulness of DST! 2],

In addition, we provide support for the use of citru-
line as a marker for enterocyte function. Measurement
of gastrointestinal dysfunction, following small bowel
diseases, is hard to establish™®!. Citrulline has been used
for this purpose as it is an amino acid mainly produced
by small intestinal enterocytes by the conversion of
glutamine through the glutamate to ornithine pathway,
without incorporation into proteins™*, Loss of the
intestinal epithelial lining has been shown to result in
declined circulating levels of citrulline!. Several studies
showed that there is a link between low plasma citrulline
concentration and intestinal barrier function!¢*®l,
Supply of glutamine to the enterocyte occurs from both
arterial blood as well as from the intestinal lumen. As all
patients were fasted, we hypothesized that the arterial-
venous concentrations of citrulline divided by the arterial
concentration of glutamine (Cit V-A/GIn A) ratios reflect
enterocyte functional capacity. It is striking that the DST
is at baseline level at 30I and only increased at 30I30R,
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whereas the Citr/GIn ratio is only decreased at the 301
time point and not during reperfusion. This discrepancy
is in agreement with previous studies in patients with
chemotherapy-induced mucositis and patients suffering
from IBD, where permeability was not correlated
with changes in plasma citrulline concentrations! .,
This may indicate that enterocytes do not require
an intact intestinal barrier to be metabolically viable.
Citrulline performed better as a marker for functional
epithelial cell mass in these studies where it detected
impairment of intestinal epithelium and small intestinal
barrier integrity earlier compared with the DST and
indicated recovery more accurate.

Potential limitations of this study may include the
fact that the intraluminal concentration of lactulose and
L-rhamnose show a decrease during the IR protocol.
This drop in concentration however, is only partly
relevant since the remaining concentrations in the
lumen were still 100x higher than the observed plasma
lactulose and L-rhamnose concentrations at 30I120R.
Furthermore the hyperosmolarity of the saccharide
solution may affect the intestinal permeability for
L-rhamnose directing the flux towards the intestinal
lumen. To correct for this diffusion, the experimental
IR protocol started 5 min after injection of the
saccharides. In addition, dual-sugar absorption tests
can be influenced by the presence of food-derived
sugars in plasma and most of the studies of intestinal
permeability do not report baseline excretion of the
saccharides, which is perhaps most relevant with the
use of DST. As baseline measurements were taken in
the current study, this should have been accounted for.

Next, the larger part of the total paracellular con-
ductance of intestinal epithelial lining is via a high
linear density of TJs residing in the crypts™™. After villus
contraction, caused by the IR injury, crypt epithelium
accounts for the majority of surface area remaining. As
we did not focus on the role of the crypts in this study,
the latter could be of influence on the results. Future
studies, measuring mucosal barrier function within
the crypts are warranted to investigated villus/crypt
differences during IR injury.

Also, one should be careful generalizing the current
findings to the whole length of the human gastro-
intestinal tract. First, it is important to understand
that epithelial permeability of the gastrointestinal
tract needs to be evaluated in a site specific manner.
Several saccharide probes are destroyed by digestion
processes that take place in the lumen of different
parts of the gut, which limits their capabilities to detect
permeability changes throughout the hole intestinal
tract. For example lactulose and L-rhamnose are
destroyed in the caecum and therefore provide only
information regarding the small intestinal epithelium®.
Also the expression of epithelial tight junction proteins
is region-specific along the gastrointestinal tract, which
determine the properties of permeability in different
regions. The proximal segments of the jejunum have
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a higher permeability than the distal ileum segments.
Next, Takeyoshi et a/®'. evaluated the mucosal
regeneration of different parts of the small intestine
during transplantation in dogs. They showed that the
regenerative capacity was twice as fast in the jejunum
than in the ileum. This more pronounced recovery in
jejunal tissue could have a beneficial effect on our data.

Last, important to note is that the dual-sugar tests
have not yet gained a place in everyday practice for
diagnosis and follow up of the several patients groups,
mainly because the detection methods are complex
and not widely available. Taken together, these
findings reflect the ability of the intestine to withstand
short episodes of ischemia, with morphological and
functional recovery of the intestinal barrier within 120
minutes of reperfusion. These results explain why
there are often no signs of inflammation or bacterial
translocation after short periods of intestinal ischemia.
Further exploration of the mechanisms responsible for
this rapid morphological and functional recovery might
impact treatment of intestinal diseases associated with
barrier recovery loss. Next, data from the DST and
citrulline glutamine ratios closely reflect the histological
perturbations during intestinal IR highlighting the
potential diagnostic value of these tests in the follow-
up of patients with intestinal disease associated with
intestinal barrier loss.

COMMENTS

Background

Human small intestine is frequently exposed to ischemia without severe
complications. Intestinal hypoxia and loss of intestinal barrier function are
associated with the onset of sepsis and multiorgan failure or intestinal diseases
including celiac disease and inflammatory bowel disease. Rapid morphological
recovery occurs in human ischemia/reperfusion-exposed small intestine by a
zipper like constriction of the epithelium.

Research frontiers

Patients with intestinal ischemia may suffer from sepsis, however we showed
in previous human studies that short periods of ischemia led to fast structural
recovery of damaged mucosa. Animal studies suggest that this is accompanied
by barrier function recovery. In humans, we still have to elucidate whether
structural ischemic damage and recovery correlates with barrier function. This
is of importance, since complete knowledge of pathophysiological sequelae
of human intestinal ischemia-reperfusion will help us to guide new therapeutic
options and develop better diagnostic possibilities for the patients suffering from
intestinal ischemia.

Innovations and breakthroughs

The author’s results show that short periods of human intestinal ischemia
are followed by mucosal damage, which is rapidly followed by herstel. Most
important, we add to this knowledge that the gut has the remarkable capacity
of functional recovery after short periods of ischemia. Furthermore, our results
indicate that the dual-sugar absorption tests and plasma citrulline may have a
potential diagnostic value in detecting and monitoring patients with intestinal
diseases associated with intestinal barrier loss.

Applications
There is great need for better insight in the pathophysiology of small intestinal
IR, because of the high morbidity and mortality rates, while preventive
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and/or therapeutic approaches are lacking. Results of this study will add
important knowledge to our understanding of the pathophysiology of intestinal
ischemia. This will also help to early detect intestinal ischemia and its serious
consequences. Next it will help open new opportunities to develop therapeutic
interventions.

Terminology

Intestinal ischemia-reperfusion: Pathological condition characterized by an
initial undersupply of blood to the intestine followed by a restoration of perfusion
and reoxygenation Reperfusion and reoxygenation is commonly associated
with an exacerbation of tissue injury and a profound inflammatory response.
This often leads to systemic inflammatory response syndrome (SIRS), sepsis
and multiple organ failure (MOF), causing the high morbidity and mortality rates
associated with intestinal IR. Intestinal barrier: The protective component of the
intestine shielding us against the invasion of bacteria toxins and antigens, but
on the other hand enabling us to absorb nutrients

Peer-review

The study is well designed and sound, the manuscript is interesting.
Maintenance of the intestinal barrier is an important defense against invasion of
luminal pathogens, and assessment of barrier function is relevant in a number
of diseases of the gut where the barrier is compromised. The paper presents
some interesting in vivo data showing the ability of the jejunal epithelium to
recover rapidly following ischemic injury. Overall, the study is well designed and
sound.

This is a straight-forward paper associating results from lactulose/rhamnose
ratios with histology and microscopic observations of the intestine following
ischemia reperfusion. Much of what is reported has been demonstrated in
animal models, but not before in human tissue.
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